GS. Conductance catheter measurements of lumen area of stenotic coronary arteries: theory and experiment. tion of saline solution is required for the measurement of vessel lumen area using a conductance catheter. The injection of room temperature saline to displace blood in a vessel inevitably involves mass and heat transport and electric field conductance. The objective of the present study is to understand the accuracy of conductance method based on the phenomena associated with the saline injection into a stenotic blood vessel. Computational fluid dynamics were performed to simulate flow and its relation to transport and electric field in a stenotic artery for two different sized conductance catheters (0.9 and 0.35 mm diameter) over a range of occlusions [56 -84% cross-sectional area (CSA) stenosis]. The results suggest that the performance of conductance catheter is dependent on catheter size and severity of stenosis more significantly for 0.9 mm than for 0.35 mm catheter. Specifically, the time of detection of 95% of injected saline solution at the detection electrodes was shown to range from 0.67 to 3.7 s and 0.82 to 0.94 s for 0.9 mm and 0.35 mm catheter, respectively. The results also suggest that the detection electrodes of conductance catheter should be placed outside of flow recirculation region distal to the stenosis to minimize the detection time. Finally, the simulations show that the accuracy in distal CSA measurements, however, is not significantly altered by whether the position of detection electrodes is inside or outside of recirculation zone (error was within 12% regardless of detection electrodes position). The results were experimentally validated for one lesion geometry and the simulation results are within 8% of actual measurements. The simulation of conductance catheter injection method may lead to further optimization of device and method for accurate sizing of diseased coronary arteries, which has clinical relevance to percutaneous intervention.
ACCURATE MEASUREMENT OF LUMEN cross-sectional area (CSA) of coronary arteries is clinically important for balloon angioplasty and stenting. The image-based methods such as quantitative coronary angiography (QCA), computed tomography (CT), and intravascular ultrasound (IVUS) have been used for vessel sizing. Angiographic assessment is limited by the spatial resolution while IVUS is limited by the variability in interpretation of images, added time, and cost. A nonimaging conductance catheter based on the principle of physics has been introduced for fast, accurate, and real-time measurement of coronary and peripheral vessels (7, (15) (16) (17) .
The conductance catheters have been widely adopted to determine the chamber volume of ventricle (1, 3, (12) (13) (14) and the CSA of aorta (8 -10) and medium size vessels, e.g., coronary, femoral and carotid (7, (15) (16) (17) . The major challenges for measurement of vessel CSA are the complex changes in blood electrical conductivity induced by dynamic arterial hemodynamics (19, 22, 24, 26, 27) and the electrical current leakage through surrounding tissues (parallel conductance). To address these two issues, Kassab et al. (7, (15) (16) (17) proposed a novel approach for the determination of CSA and parallel conductance analytically by two bolus injections of saline solutions (normal and half normal) with known electrical conductivities. The injected saline solutions displace blood transiently so that the electrodes of conductance catheter detect the electrical impedance of saline solutions with known conductivities.
Injection of the saline solution at room temperature over a conductance catheter into a blood vessel inevitably involves mass/heat transport and electric field in addition to the physics of blood flow. Furthermore, stenotic blood vessels are often characterized by disturbed flow field post stenosis, which may have a significant impact on saline transport and hence electric field. Here we computationally assessed the performance of two different sized conductance catheters (0.9 mm and 0.35 mm corresponding to 0.035 in. and 0.014 in. guidewires) subject to the environment associated with saline injections under various stenoses. The experimentally validated simulations provide a more clinically relevant conductance catheter measurement platform and enhance our understanding of limitations and utility of the saline injection-conductance method.
COMPUTATIONAL METHODS
Geometry and computational domain. All computational simulations in the present study were performed in the axisymmetric circular vessel geometries with various local constrictions to model the stenosed arterial blood vessels with a variety of occlusions as depicted in Fig. 1A . The stenotic region is assumed to be sinusoidal with different undulations as follows:
where h and , respectively, denote stenosis height and width. The total length of vessel segment considered in the present study is assumed to be 35 mm and slightly tapered (inlet and outlet diameters of 3 and 2.75 mm, respectively). The geometric parameters used in the present study are illustrated in Fig. 1A and provided in Table 1 . In the present study, the simulations are performed for two different sized catheters (0.9 and 0.35 mm of diameter corresponding to 0.035 and 0.014 in. guidewires, respectively) under a variety of stenoses (i.e., 56 -84% stenosis). A structured mesh was used and a finer mesh distribution was adopted to resolve the large gradients in flow, transport, and electric fields in vicinity of the blood vessel wall and the boundary between vessel lumen and surrounding tissue. The mesh distribution was verified to yield mesh-independent solutions. The blood vessel length downstream of stenosis was shown to be sufficient for the largest recirculation bubble observed in the flow conditions studied. The computa-tional domain in the radial direction including blood vessel lumen and surrounding tissue is similar to previous conductance catheter studies (9, 15) . Governing equations and numerical methods. The computational simulation of conductance catheter placed into a stenotic blood vessel subject to saline injection involves the solutions of continuity, momentum, convection-diffusion, heat transfer, and electric field equations. The governing equations solved in the present study were as follows:
Heat transfer:
Electric field:
where V , p, c, T, and are, respectively, velocity, pressure, saline fraction in blood, temperature, and electric potential. D, ␣, , and I denote, respectively, diffusion coefficient, thermal diffusivity, electrical conductivity, and driving current I. eters used in the simulations are listed in Table 2 . The saline fraction and temperature field were solved once the flow field was established. Once the saline transport field was determined, the electric field was obtained at the time points of interest with the updated electrical conductivity of lumen. A lumped analogy of the Poisson's equation that accounts for the parallel conductance (G P) is given by:
where L, , and G T, respectively, denote the detection electrode spacing, electrical conductivity of saline solution, and total electrical conductance (i.e., the ratio of current to voltage or I/V). The two injection method (2 salinities; normal and half normal saline) provides two equations for the two unknowns (CSA and G P) and yields an analytical solution for CSA as:
where ␦G and ␦ indicate, respectively, the difference in conductance and conductivity for the two injections. The finite volume commercial package ANSYS FLUENT (version 6.3.26, ANSYS) was used to solve the governing equations. For all simulations, the computational domain consisted of rectangular elements. All simulations were performed on an IBM HS21 Blade server containing two Intel Xeon 5335 quad-core processors and 16 GByte of memory.
Flow modeling and boundary conditions. Flow is obstructed differently depending on the degree of stenosis and catheter size. It was hypothesized that the obstructed flow is described by the vascular resistance in a nonstenotic straight blood vessel (R 1) plus the additional vascular resistance caused by stenosis and catheter insertion (R 2). R1 was determined by ⌬p/Q where ⌬p and Q, respectively, denote the pressure difference and flow rate over the blood vessel segment considered by hand injection of saline solution at 150 mmHg and 150 ml/s. The hand injection provides for steady-state flow. R 2 was assumed to be based on Poiseuille's equation over the stenosis or 128 l S/DH 4 , where DH denotes hydraulic diameter, which was varied depending on the reduced effective CSA due to stenosis and catheter, is dynamic viscosity of blood, and L S is stenosis length. Accordingly, the resulting flow rate at the inlet (Qin) was determined by ⌬p/(R1ϩR2). The flow conditions and simulation parameters considered are summarized in Tables 1 and 2, respectively. For flow, a uniform velocity profile based on a stenosis-induced reduction in flow rate was prescribed at the vessel inlet. A no-slip (zero velocity) boundary condition was imposed at the catheter surface and vascular wall. A fully developed flow condition (zero velocity gradient in the streamwise direction) was specified at the flow outlet. For saline transport in the lumen, zero mass flux was specified at vessel wall and catheter surface. At the flow inlet, a constant salinity of saline c 0 was injected. At the flow outlet, zero concentration gradient in the streamwise direction was assumed. For heat transport, a constant temperature of saline T 0 was assumed to be injected at the flow inlet. At the flow outlet, zero temperature gradient in the streamwise direction was assumed. At the centerline of com-putational domain, an axisymmetric condition was imposed (i.e., zero temperature gradient across the centerline). At the outer boundary of computational domain, a zero heat flux condition was enforced.
Electrical conductivity modeling. In the saline injection method, the saline solution transiently displaces the blood over a 2-to 4-s injection. Moreover, the electrical conductivity of saline solution is dependent on salinity and temperature. The electrical conductivity of lumen, therefore, dynamically changes during the injection period. Such alterations in electrical conductivity naturally lead to changes in electric potential field and hence conductance G. In the present study, the electrical conductivity of lumen was modeled as a function of saline fraction and temperature as follows:
where Tref denotes an arbitrary reference temperature, which dictates the shape of conductivity profile. The rate of change of electrical conductivity with temperature at a given saline fraction ‫|‪T‬ץ/ץ(‬ c) was assumed to be a constant. Furthermore, the dependence of such rate on salinity was assumed to be linear based on measurements. Briefly, the slope of temperature-electrical conductivity of normal and half normal saline solutions were measured using a cylindrical Plexiglas tube of 3 mm diameter, which provided slopes of 0.02 and 0.011 mS·mm Ϫ1 ·°C Ϫ1 for 0.9 and 0.45% saline solution, respectively. The relation between electrical conductivity and salinity at a reference temperature ‫|‪c‬ץ/ץ(‬ T ref ), which has been shown to have a linear relationship (15) , was also modeled in Eq. 9. As a result, Eq. 9 produced the electrical conductivity profiles as demonstrated in Fig.  1B . This implies that the rate of change of electrical conductivity with temperature is constant at a given saline fraction and linearly increases with saline fraction.
Experimental validation of simulation. The computational simulations were validated by conductance catheter and direct dimensional measurements of a plastic tube having a local constriction. A sheath dilator with a smaller diameter than the tube was inserted into a transparent plastic tube (3M FP-301 Heat Shrink Tubing, 3M Electronic/Electrical, Austin, TX). The tube was locally heated to the point that the tube shrunk around the sheath to mimic a stenotic arterial vessel. The diameter of the locally occluded tube was measured using conductance catheter at various axial positions. The tube was then cut at cross sections along the longitudinal direction to measure the CSA profile under a microscope. A computational domain was constructed based on the dissected cross-section data as depicted in Fig. 7 , A and B. The electric field was simulated for two different electrical conductivities of saline solutions (i.e., normal and half normal, 0.9 and 0.45% NaCl, respectively) to determine dimensions of the tube at the positions where the conductance catheter measurements were performed.
RESULTS
Effect of stenosis on flow field. The performance of conductance catheter in a stenotic vessel was determined by transport of injected saline solution, which is predominantly determined by the flow field. The flow separation and recirculation are key characteristics of a flow field post stenosis. Figure 2, A and B , depict the injection flow rate and flow recirculation length, respectively, for two different sizes of catheter as well as in the absence of catheter over a range of stenoses considered. As apparent from Fig. 2A and Table 1 , the effect of obstruction induced by stenosis and catheter on flow field is taken into account so that the injection flow rate varies depending on stenosis and catheter size. Specifically, the results show that the injection flow rate is inversely proportional to both catheter diameter and severity of stenosis. The results also demonstrate that the length of recirculation region downstream of stenosis increases as stenosis becomes more severe for the diameter of 0.35 mm while it does not show a monotonic change with severity of stenosis for the diameter of 0.9 mm. This occurs because the recirculation bubble size, which is defined as a length from flow separation to reattachment point, is affected not only by flow rate but also by geometrical disturbance of stenosis.
The present results also demonstrate that the stenosis-induced obstruction effect on flow is more significant for the 0.9 mm than for the 0.35 mm catheter ( Fig. 2A) . The changes in flow rate with stenosis range from 0.18 to 1.44 ml/s for the 0.9 mm catheter but only from 1.34 to 1.49 ml/s for the 0.35 mm catheter compared with 1.46 -1.49 ml/s for no catheter. Specifically, the results demonstrate that flow is significantly obstructed and hence leads to low flow rates for the most severe stenosis studied in the case of 0.9 mm catheter. Such low flow rates suppress flow disturbance such that flow separation and recirculation are not generated. Furthermore, the results show that the size of flow recirculation region is smaller for 0.9 mm than for 0.35 mm catheter and no catheter at a given stenosis since the flow disturbance is most restrained for the 0.9 mm catheter (Fig. 2B) .
Effect of stenosis on saline transport. As described earlier, the flow field including flow separation and recirculation is governed by stenosis-catheter configurations. The transport behavior of injected saline solution into a medium-sized arterial blood vessel is primarily regulated by flow field. Hence, it is important to assess how the saline transport is modulated by the stenosis-catheter configurations. Figure 3 depicts the temporal profiles of saline fraction in blood relative to the injected saline or c/c 0 averaged over the luminal cross section at the first detection electrode downstream of the recirculation region after initiation of injection. The results demonstrate that the fraction of saline solution in blood progressively increases as the injected saline is transported downstream. Moreover, the concentration of saline solution in blood takes more time to attain a certain level of injected saline solution (i.e., 90% or 95% of c 0 ) as stenosis becomes more severe for both sizes of catheter.
To quantitatively examine the transient profiles depicted in Fig. 3 , the time for the average saline concentration to reach 90% (t 90 ) and 95% (t 95 ) of injected saline or c 0 is plotted as a function of percentage stenosis for both sizes of catheter (Fig. 4) . The results demonstrate that t 90 and t 95 dramatically increase as stenosis becomes more severe for the 0.9 mm catheter while they appear to be substantially less sensitive to the severity of stenosis for the 0.35 mm catheter. The significant changes in time for the 0.9 mm catheter and the smaller changes for the 0.35 mm catheter are in good agreement with the modulation of flow rate by stenosis for the two different catheters (see Fig. 2A ). Furthermore, t 95 is seen to be higher than t 90 by about a factor of two for both catheters and for all stenoses considered. The time frame, however, does not seem to have an apparent correlation with the length of flow recirculation region as an indicator of flow disturbance (Fig. 2B vs. Fig. 4) .
Saline injection-induced changes in electric field. As the injected saline solution displaces blood, the salinity and temperature of lumen deviate from blood depending on the transport of saline solutions in the vessel lumen. Figure 5 depicts the temporal evolution of voltage between detection electrodes for two different obstructions considered (i.e., 1.2 and 2.0 mm of stenosis diameter) for both catheters subject to the injection of 0.9% normal saline at room temperature of 20°C (40°C of blood or body temperature). Similar to the transient profiles of saline solution concentration averaged over a CSA (Fig. 3) , the voltage also gradually decreases with time as the injected saline solutions flush blood so that the electrical conductivity of lumen progressively increases (i.e., voltage decreases or electrical conductance increases). The results show that the dynamic variations in local electrical conductivity near the detection electrodes can give rise to the temporal fluctuations in voltage profile. This is evident in Figs. 3 and 5 , demonstrating that the fluctuations occur when the injected saline solution is transported close to the detection electrodes so that the local electrical conductivity may change dramatically. As the majority of luminal region over the detection electrodes is flushed by saline solution, the voltage decreases monotonically.
Effect of electrode position on catheter performance. Since atherosclerotic blood vessels often involve complex flow patterns, including flow separation and recirculation, it is useful to address how the relative position of catheter detection electrodes to flow recirculation region may affect the catheter performance. A number of simulations have been carried out to quantitatively assess the impact of catheter electrode position on the catheter performance. Figure 6A Figure 6B depicts the percent error in vessel diameter predicted at t ϭ 2 s and at downstream of stenosis by the two-injection method for different positions of detection electrodes considered that are inside or outside of flow recirculation zone. The results demonstrate that the detection time or t 95 increases as one of the detection electrodes is placed within the flow recirculation region. Specifically, t 95 is seen to significantly increase (Ͼ2 s) when both detection electrodes are inside of the flow recirculation zone. The results also demonstrate that the vessel diameters predicted by different positions of detection electrodes are within 12% difference of actual diameter regardless of whether the detection electrodes are placed inside of the recirculation zone. The present findings, therefore, suggest that the position of detection electrodes relative to stenosis or recirculation zone in the distal conductance measurements does not significantly affect measurement accuracy for either size of the device.
Experimental validation. The computer simulations were experimentally validated by conductance catheter and direct measurements of the phantom stenotic tube illustrated in Fig. 7, A and  B. The results show that the present computer simulations are in excellent agreement with experimental measurements. Specifically, Fig. 7, C and D, demonstrates that the diameters predicted by computational simulations and conductance catheter measurements fall within 8% (Fig. 7C ) and 4% (Fig. 7D) , respectively, of the microscope measurements for different axial positions.
DISCUSSION
As described earlier, a nonimaging conductance catheter has been introduced for accurate measurements of lumen CSA of coronary and peripheral vessels as an alternative to various imaging-based tools such as QCA, CT, and IVUS. The saline flush technique has been used for the determination of arterial CSA by electrical conductance measurements. The administration of room temperature saline solutions into blood vessels involves mass and heat transport in addition to the flow dynamics of blood stream. Specifically, the mass and heat transport and electric potential field associated with saline injection are coupled. Moreover, since clinical measurements are needed for both stenotic (determine percentage stenosis) as well as normal segments (reference dimension to size a stent), it is essential to investigate the saline transport and electric field in occlusive blood vessels. To the best of our knowledge, such comprehensive analysis has not been performed. Here, we have computationally simulated the catheter performance for two different sized catheters under a variety of stenoses. The primary focus was to explore how the dynamic features of saline injection are influenced by the stenosis-induced flow obstruction for two different catheter sizes.
The results demonstrated that the obstruction effect on flow by stenosis is significant for a catheter (i.e., 0.9 mm in diameter)-than for a guidewire (i.e., 0.35 mm in diameter)-type device for the more severe occlusions (Ͼ72%). Specifically, the flow was shown to be extremely obstructed in the presence of the most severe stenosis (84%) considered for the 0.9 mm catheter such that the flow rate is decreased by an order of magnitude while the stenosis-induced flow obstruction is negligible for the 0.35 mm catheter ( Fig. 2A) . Such significant flow obstruction by 0.9 mm catheter leads to reduced flow rate and suppressed flow disturbance, which give rise to smaller flow recirculation regions than for the 0.35 mm device (Fig. 2B) . Although clinically derived trans-stenotic pressure drop or fractional flow reserve data are not considered, the flow conditions are consistent with a previous study showing that flow rate decreases and trans-stenotic pressure drop increases with increasing stenosis and insertion of catheter (2) . Furthermore, the present results of increasing recirculation length with increasing occlusion for the smaller catheter and in the absence of catheter are in good agreement with previous works (4, 11, 18) showing that given the flow rate or velocity, flow recirculation bubble size increases as geometrical disturbance increases.
The conductance catheter performance is dependent on how effectively the catheter can sense the changes in electrical conductivity of lumen, which is dependent on the dynamic aspects of saline injection since the electrical conductivity of lumen is not only a function of the saline fraction but also the temperature. The present results demonstrated that the time frame for the majority of injected saline solution and resulting electric potential to be detected by the catheter electrodes is less sensitive to severity of stenosis for the 0.35 mm catheter than for the 0.9 mm catheter ( Fig. 4) . Specifically, the 0.9 mm catheter was predicted to have substantially longer detection times as stenosis becomes severe while the detection time remains relatively similar regardless of occlusions for the 0.35 mm catheter. For the most severely occluded blood vessel considered (i.e., D S ϭ 1.2 mm; 84% stenosis), the 0.9 mm catheter requires a significantly longer time to detect the steady saline injection-induced voltage deflection (i.e., t 95 Ϸ 3.7 s as illustrated in Figs. 4B and 5 ). The 0.35 mm catheter does not have this issue regardless of stenosis severities considered even in the presence of higher flow disturbances (longer recirculation lengths) as long as detection electrodes are placed outside the recirculation zone. Even within the recirculation zone, the detection time or t 95 is Ͻ3 s (Fig.  6A) . Moreover, the maximum error in vessel diameter is Ͻ12% regardless of detection electrode positions under the model assumptions (Fig. 6B) .
The 0.9% normal saline solution is considered isotonic because it is similar to blood in salinity. The electrical conductivity of normal saline solution, however, is higher than blood due to the electrical resistance of red blood cells. Also, the dynamic viscosity of saline solution is significantly less than blood. The complex multi-phasic flow regimen such as mixing has not been addressed in the present study. Given that the hemodynamics-mediated convective transport is dominant over the diffusive transport in arterial blood vessels, the multi-phase effects may not be significant in the context of conductance measurements for medium size arteries. The impact of flow mixing on performance will be addressed in future studies using a more complex multi-phase model.
In the simulations performed, the surrounding tissue was idealized to have a uniform electrical conductivity throughout the tissue including stenosis. The results demonstrated that the current leakage or parallel conductance is significant (ϳ80% of the total conductance, data not shown) for the configurations considered in Fig. 6 . Such significant parallel conductance is consistent with the previous in vivo study (Ͼ60% of the total conductance; Ref. 16 ). Since plaque has special characteristics (lipid, fibrosis, calcification), the stenotic region may have a lower electrical conductivity. We performed simulations to assess the impact of lower electrical conductivity of surrounding tissue (0.0444 S/m) in the stenotic region on accuracy of CSA measurement and found virtually exact agreement (ϳ0.5% difference, data not shown) for the configurations considered in Fig. 6 .
Theoretically, the lower conductivity of stenosis will reduce the parallel conductance and hence have a favorable effect on accuracy of CSA measurement. The surrounding tissue including the lesion may have a broad range of Fig. 7 . A: an axisymmetric computational domain constructed from stenosis phantom model and the computed streamlines at saline flow rate of 1.87 ml/s, which was measured at the phantom outlet. B: the computed electric potential field for the distal electrodes position in the stenosis phantom model. The percent error in diameter of the stenosis phantom tube predicted by simulation (C) and measured by conductance catheter (D) compared with actual microscope measurements at various longitudinal positions. structure and composition such as dimension/geometry of tissue and anisotropic/inhomogeneous electrical properties. Therefore, a more extensive three-dimension simulation needs to be performed to assess the effect of various heterogeneities on relative parallel conductance.
As expected, the experimental conductance measurements are in better agreement with microscope measurements ("gold standard") than the computational results. The mean %error, averaged over all the positions shown in Fig. 7A , in conductance measurements and theoretical predictions are 2.2 Ϯ 1.0% (Fig. 7D ) and 3.8 Ϯ 3.0% (Fig. 7C ). This suggested that the predicted computational error in Fig. 6B is greater than actual; i.e., it overestimates the actual error. Regardless, this level of agreement between computational results and experimental measurements is excellent given the number of simplifying assumptions enumerated above.
In summary, a spatially/temporally changing electrical conductivity has been simulated as a function of saline fraction and temperature in blood. The corresponding electric field for conductance measurements has been determined in a stenotic blood vessel, which is characterized by flow recirculation bubble. The key findings from present simulations are 1) the dependence of conductance catheter performance (such as saline detection time on severity of stenosis) is more sensitive to 0.9 than 0.35 mm catheter and 2) the position of detection electrodes relative to the recirculation bubble may significantly affect the detection time but does not significantly affect the accuracy of CSA measurements.
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